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apr-BYHWD, active principle region of *Buyang Huanwu* decoction; BMSCs, bone marrow mesenchymal stem cells; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated protein kinase

INTRODUCTION {#sec1-1}
============

*Buyang Huanwu* decoction (BYHWD) is used to treat clinical sequelae following ischemic stroke and modern pharmacological research has demonstrated it to function in a multi-cause, multi-effect, multiple target manner. BYHWD acts to regulate the immune system, preventing inflammation and modulating lipid metabolism\[[@ref1]\], dilating cerebral blood vessels\[[@ref2]\], improving microcirculation and blood rheology\[[@ref3]\], acting as an anti-coagulant and inhibiting thrombosis, reducing anti-free radicals and eliciting a neuroprotective mechanism\[[@ref4]\]. Administration of BYHWD and transplantation of bone marrow mesenchymal stem cells (BMSCs) can enhance the survival rate, homing rate and differentiation rate of BMSCs\[[@ref5][@ref6][@ref7][@ref8]\]. Due to the complexity of traditional Chinese medicine prescriptions, we determined the median lethal dose of BYHWD using a sequential method and defined the optimal compatibility dosage using orthogonal design in a preliminary study. The active principle region of BYHWD (apr-BYHWD) consists of five components: alkaloid, polysaccharide, aglycon, glycoside and volatile oil\[[@ref9]\]. We found the apr-BYHWD can induce BMSC differentiation into neuron-like cells *in vitro*, with a superior effect compared with BYHWD.

Many signal pathways contribute to the differentiation and development of neural cells, including Notch\[[@ref10]\], Wnt\[[@ref11]\], cAMP-PKA\[[@ref12][@ref13]\] and mitogen-activated protein kinase (MAPK) signaling pathways. In a study by Ma *et al* \[[@ref14]\], neural differentiation of BMSCs was primarily achieved through the MAPK signaling pathway. To investigate further the signal transduction mechanism underlying apr-BYHWD induction of BMSCs neuronal differentiation, this study aimed to explore expression levels of phosphorylated extracellular signal-regulated protein kinase (ERK) and phosphorylated p38 protein in MAPK/ERK kinase (MEK)-ERK and p38MAPK pathways. Furthermore, the mRNA and protein expression levels of the neural cell marker, neuron specific enolase (NSE) and the neural stem cell marker, nestin were studied during the process of apr-BYHWD-induced BMSC differentiation, after MEK-ERK and p38MAPK pathways were blocked. This would provide us with a greater understanding of the role of p38MAPK and MEK-ERK pathways in the neural differentiation of BMSCs induced by apr-BYHWD.

RESULTS {#sec1-2}
=======

Morphology of cultured primary BMSCs {#sec2-1}
------------------------------------

Culture-expanded primary BMSCs were round with varying sizes, as observed using optical microscopy. Suspended cells concentrated together and began to adhere by 4--6 hours, with the majority of cells adhered by 24 hours. Non-adherent cells were removed at 48 hours after culture medium was replenished. Cells grew in clusters which gradually merged by 3-4 days. Cells had a short spindle or acicular morphology with visible nuclei. By days 7-10, cells had covered the bottom of the culture flask. After passage, cells were completely adherent within 24 hours. BMSCs at passage 3 were larger than the primary cells and the majority exhibited a spindle or fibrillar arrangement. Cell cytoplasm and nuclei were clear ([Figure 1](#F1){ref-type="fig"}).

![Rat bone marrow mesenchymal stem cells at primary, second and third passages (inverted phase contrast microscopy, × 100).\
(A) Primary cells were round.\
(B) Passage 2 cells formed colonies.\
(C) Passage 3 cells had a fusiform or fibrillar arrangement.](NRR-7-1370-g001){#F1}

Identification of BMSCs surface antigens {#sec2-2}
----------------------------------------

Flow cytometry was used to determine the cell surface antigen profile of BMSCs. Analysis showed expression of CD90 in more than 98% of BMSCs, while expression levels of CD11b and CD45 were less than 2% ([Figure 2](#F2){ref-type="fig"}). This indicated the BMSC population has good uniformity and high purity.

![CD11b, CD45 and CD90 expression in rat bone marrow mesenchymal stem cells detected by flow cytometry.\
(A) Blank control cells. (B-D) FITC labeled CD90, CD11 and CD45 positive cells respectively. FITC: Fluorescein isothiocyanate.](NRR-7-1370-g002){#F2}

Phosphorylated protein ERK and p38 expression in BMSCs after induction with apr-BYHWD {#sec2-3}
-------------------------------------------------------------------------------------

BMSCs at passage 4 were divided into three groups: (1) apr-BYHWD group: BMSCs were incubated with culture medium containing 0.039 g/L apr-BYHWD; (2) negative control group: rat BMSCs were incubated with culture medium containing equivalent Dulbecco\'s Modified Eagle\'s Medium (DMEM); (3) normal control group: rat BMSCs were incubated with culture medium containing equivalent 10% fetal bovine serum.

Cells in the apr-BYHWD group were induced for 28 days. ERK protein levels were significantly higher in the apr-BYHWD group at day 28 compared with the blank control and negative control groups (*P* \< 0.05; [Table 1](#T1){ref-type="table"}, [Figure 3](#F3){ref-type="fig"}). At days 7, 14 and 28, p38 phosphorylated protein levels were significantly increased in the apr-BYHWD group compared with the blank control and negative control groups (*P* \< 0.05; [Table 1](#T1){ref-type="table"}, [Figure 4](#F4){ref-type="fig"}).

###### 

Western blot analysis of pERK and p-p38 protein expression in bone marrow mesenchymal stem cells induced by *Buyang Huanwu* decoction (BYHWD)

![](NRR-7-1370-g003)

![Electropherogram of phosphorylated extracellular signal-regulated protein kinase (p-ERK) protein expression in rat bone marrow mesenchymal stem cells induced with *Buyang Huanwu* decoction (BYHWD) detected by western blot analysis.\
1: Blank control group; 2: negative control group; 3: apr-BYHWD group. In the apr-BYHWD group, phosphorylated extracellular signal-regulated protein kinase protein expression peaked at day 28. apr-BYHWD: Active principle region of BYHWD.](NRR-7-1370-g004){#F3}

![Electropherogram of p38 phosphorylated protein (p-p38) expression in rat bone marrow mesenchymal stem cells induced with *Buyang Huanwu* decoction (BYHWD) detected by western blot analysis.\
1: Blank control group; 2: negative control group; 3: apr-BYHWD group. In the apr-BYHWD group, p38 phosphorylated protein expression peaked at day 28. apr-BYHWD: Active principle region of BYHWD.](NRR-7-1370-g005){#F4}

Influence of MAPK pathway blockers on NSE expression after BMSCs induction with apr-BYHWD {#sec2-4}
-----------------------------------------------------------------------------------------

Reverse transcription-PCR (RT-PCR) confirmed NSE mRNA expression in the apr-BYHWD control group at days 7, 14 and 28. NSE mRNA expression in the apr-BYHWD + SB203580 group was significantly lower than those in the apr-BYHWD group at days 14 and 28 (*P* \< 0.05; [Figure 5](#F5){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). At days 7, 14 and 28, NSE mRNA expression levels in the apr-BYHWD + PD98059 group were significantly lower than those in the apr-BYHWD group (*P* \< 0.05; [Figure 5](#F5){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). Western blot analysis was used to detect expression of NSE protein in BMSCs after MAPK pathways were blocked. The results showed that NSE protein expression levels in the apr-BYHWD + SB203580 and apr-BYHWD + PD98059 groups, were lower than those in the apr-BYHWD group at days 7, 14 and 28 (*P* \< 0.05; [Figure 6](#F6){ref-type="fig"}, [Table 2](#T2){ref-type="table"}).

![Reverse transcription-PCR electropherogram of neuron specific enolase mRNA expression after the mitogen-activated protein kinase pathway was blocked.\
1: apr-BYHWD group; 2: apr-BYHWD + SB203580 group; 3: apr-BYHWD + PD98059 group; M: Marker; BYHWD: *Buyang Huanwu* decoction; apr-BYHWD: active principle region of BYHWD; PD98059 and SB203580: cellular signaling pathway blocking agents.](NRR-7-1370-g006){#F5}

###### 

Neuron specific enolase and nestin mRNA expression after apr-BYHWD induction, detected by reverse-transcription-PCR

![](NRR-7-1370-g007)

![Western blot electropherogram of neuron specific enolase expression after the mitogen-activated protein kinase pathway was blocked.\
1: apr-BYHWD group; 2: apr-BYHWD + SB203580 group; 3: apr-BYHWD + PD98059 group; BYHWD: *Buyang Huanwu* decoction; apr-BYHWD: active principle region of BYHWD; PD98059 and SB203580: cellular signaling pathway blocking agents.](NRR-7-1370-g008){#F6}

Influence of MAPK pathway blockers on the nestin expression after BMSCs were induced with apr-BYHWD {#sec2-5}
---------------------------------------------------------------------------------------------------

Nestin mRNA expression was detected in the apr-BYHWD group at days 7, 14 and 28.

Low expression levels of nestin mRNA were detected in the apr-BYHWD + SB203580 group at day 28, and were significantly lower in comparison to the apr-BYHWD group (*P* \< 0.05; [Figure 7](#F7){ref-type="fig"}, [Table 2](#T2){ref-type="table"}).

![Reverse transcription-PCR electropherogram of nestin mRNA expression after the mitogen-activated protein kinase pathway was blocked.\
1: apr-BYHWD group; 2: apr-BYHWD + SB203580 group; 3: apr-BYHWD + PD98059 group; M: Marker; BYHWD: *Buyang Huanwu* decoction; apr-BYHWD: active principle region of BYHWD; PD98059 and SB203580: cellular signaling pathway blocking agents.](NRR-7-1370-g009){#F7}

Nestin mRNA expression was absent in the apr-BYHWD + PD98059 group at days 7, 14 and 28.

Western blot analysis was used to detect nestin protein expression in BMSCs after the MAPK pathway was blocked. Expression was absent in both the apr-BYHWD + SB203580 and apr-BYHWD + PD98059 groups at days 7 and 14. Low level nestin protein expression was detected at day 28 in both these groups, but was significantly lower compared to the apr-BYHWD group (*P* \< 0.05; [Figure 8](#F8){ref-type="fig"}, [Table 3](#T3){ref-type="table"}).

![Western blot electropherogram of nestin protein expression after the mitogen-activated protein kinase pathway was blocked.\
1: apr-BYHWD group; 2: apr-BYHWD + SB203580 group; 3: apr-BYHWD + PD98059 group. BYHWD: *Buyang Huanwu* decoction; apr-BYHWD: active principle region of BYHWD; PD98059 and SB203580: cellular signaling pathway blocking agents.](NRR-7-1370-g010){#F8}

###### 

Neuron specific enolase and nestin expression after apr-BYHWD induction, detected by western blot analysis

![](NRR-7-1370-g011)

DISCUSSION {#sec1-3}
==========

Results from this study found that phosphorylated p38 expression in the MAPK pathway increased 7 days after apr-BYHWD induction in rat BMSCs, reaching a peak by 14 and 28 days. Phosphorylated ERK expression increased 28 days after induction. This provides evidence that apr-BYHWD can activate the MAPK pathway and that activation of p38MAPK pathway occurred earlier.

In this study, two cell signaling pathway inhibitors, PD98059 and SB203580, were used to block the MEK-ERK and p38MAPK signaling pathways respectively. Results demonstrated that at days 7, 14 and 28 after the MEK-ERK pathway was blocked, NSE gene and protein expression levels were decreased. After the p38MAPK pathway was blocked, NSE mRNA expression was decreased at days 14 and 28 and NSE protein expression was decreased at days 7, 14 and 28. Nestin mRNA and protein expression were absent at days 7 and 14, while low levels of expression were found at day 28. This confirms the MAPK pathway can be activated by apr-BYHWD and regulates NSE and nestin expression in BMSCs. Evidence suggests that the MEK-ERK and p38MAPK signaling pathways are involved in apr-BYHWD-induced BMSC differentiation. The drug concentration used for *in vitro* assessment was higher for the cells than would be found within serum or tissues, which brings bias for the experimental results and cannot explain the basis of BYHWD decoction. Further studies are required to conclusively determine the interactions of single components of BYHWD within this process.

In summary, MEK-ERK and p38MAPK signaling pathways are involved in apr-BYHWD-induced BMSC differentiation into neurons. Blocking MEK-ERK and p38MAPK signaling pathways can inhibit the effect of apr-BYHWD induction.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-6}
------

An *in vitro* experiment of cell induction and differentiation.

Time and setting {#sec2-7}
----------------

Experiments were performed from October 2011 to February 2012 in Ruikang Hospital Affiliated to Guangxi Traditional Chinese Medicine College, Level-3 Laboratory of Cell Molecular Biology of State Administration of Traditional Chinese Medicine of China.

Materials {#sec2-8}
---------

### Animals {#sec3-1}

Ten clean, male Sprague-Dawley rats, aged 6-8 weeks, weighing 130 ± 20 g, were provided by the Shanghai Experimental Animal Center (license No. SCXK (Hu) 2009-0004). All experimental disposals complied with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, formulated by the Ministry of Science and Technology of China\[[@ref15]\].

### Drugs {#sec3-2}

BYHWD comprised 60 g Milkvetch Root, 6 g Red Peony Root, 6 g Szechwan Lovage Rhizome, 9 g Szechwan Lovage Rhizome, 9 g earthworm, 9 g peach seed and 9 g safflower. Herbs were purchased from the Department of Pharmacy, Affiliated Ruikang Hospital to Guangxi Traditional Chinese Medicine College and were identified by Chinese herbal medicine experts. The alcohol prescriptions were obtained *via* a water decoction and sedimentation method in the Drug Research and Development Basement, Affiliated Hospital of School of Pharmacy in Guangxi Traditional Chinese Medical College\[[@ref16]\]. The effective components were independently extracted using the acidic precipitation and ion exchange resin chromatography method\[[@ref17]\] and no confounding components were identified. Purity was greater than 70%, and the content of quality control substances was determined using high pressure liquid chromatography and a chemical analysis method according to the following standards\[[@ref18]\]; content of ligustrazine was 9.76 mg/g alkaloids; content of astragaloside was 2.39 mg/g glycoside and content of amygdaloid was 17.9 mg/g glycoside. Volatile oil was emulsified with tween and the compatibility of crude drugs was prepared according to orthogonal design results\[[@ref19]\], including 0.58 g alkaloid, 11.44 g polysaccharide, 8.74 g aglycone, 14.4 g glucoside and 2.5 g volatile oil. The concentration was adjusted with serum-free low-glucose-DMEM.

Methods {#sec2-9}
-------

### Isolation, culture and identification of BMSCs {#sec3-3}

Rats were euthanized following anesthesia and the tibia and femur were rapidly removed under sterile conditions. DMEM liquid was aspirated using an 8-gauge needle and the bone marrow cavity was rinsed repeatedly to extract and collect cells. BMSCs were cultured in DMEM (Gibco, New York, NY, USA) containing 10% fetal bovine serum (Hyclone, Logan, Utah, USA). Cells were counted and seeded onto 50-cm^2^ culture flaks at 1 × 10^9^/mL, at 37°C under 5% CO~2~ and saturated humidity. The supernatant was removed 48 hours later and culture medium was replenished. Medium was changed every 2 days so hematopoietic cells in suspended growth were discarded, leaving the adherent BMSCs. On reaching 80% confluence, BMSCs were digested with 0.25% trypsin and collected. The aforementioned procedures were repeated to expand the BMSCs to passage 3. BMSCs at passage 3 were digested with 0.25% trypsin, prepared into a single cell suspension, blocked with 1% bovine serum albumin for 10 minutes and rinsed with PBS three times. Cells were then incubated with fluorescein isothiocyanate-labeled anti-CD11b, -CD45 and -CD90 antibodies (1:1 000; 0.5 mL; SERATEC, Gottingen, Germany). Cells in the control group were incubated with PBS at 4°C for 30 minutes and centrifuged at 1 500 r/min for 5 minutes. After PBS washing, cells were fixed with 1% paraformaldehyde, and surface antigen was detected using flow cytometry (FACScan BD, San Jose, CA, USA). In the high purity BMSC standard, the percentage of CD45 and CD11b positive cells was less than 5% and the CD90 positive rate was higher than 95%\[[@ref20]\].

### Phosphorylated protein ERK and p38 expression in apr-BYHWD-induced BMSCs {#sec3-4}

Total protein was extracted from BMSCs induced for 7, 14 and 28 days and protein concentrations were determined using the bicinchoninic acid method. Following sodium dodecyl sulfate-polyacrylamide gel and membrane transfer, the membranes were incubated with monoclonal rabbit anti-rat phosphorylated nestin, phosphorylated NSE and β-actin antibodies (1:300; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight, followed by horseradish peroxidase-labeled goat anti-rabbit IgG (1:3 000; Santa Cruz Biotechnology) at room temperature for 2 hours. Following enhanced chemiluminescence for 1-10 minutes, results were detected. Absorbance was analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, USA). Target protein expression was represented by absorbance ratio of target protein to β-actin protein (Santa Cruz Biotechnology).

### Influence of MAPK signal pathway on apr-BYHWD-induced differentiation {#sec3-5}

BMSCs at passage 4 were randomly divided into three groups; apr-BYHWD group, apr-BYHWD + PD98059 group, and apr-BYHWD + SB203580 group.

\(1\) apr-BYHWD group: BMSCs were cultured with 3 mL medium containing apr-BYHWD (0.39%).

\(2\) apr-BYHWD + PD98059 group: BMSCs were cultured with 3 mL medium containing apr-BYHWD (0.39%) and 30 μL of 1 000 μM PD98059 (MEK-ERK signaling pathway inhibitor; Sigma, St. Louis, MO, USA). The final concentration of PD98059 was 10 μM.

\(3\) apr-BYHWD + SB203580 group: BMSCs were cultured with 3 mL medium containing apr-BYHWD (0.39%) and 30 μL of 1 500 μM SB203580 (p38MAPK signaling pathway inhibitor; Sigma). The final concentration of SB203580 was 15 μM.

Cells in all three groups were incubated for 24 hours, culture medium was removed and cells were rinsed twice with DMEM. Cells were then cultured with respective media (see above), which was replenished every 3 days. Cells were analyzed at days 7, 14 and 28 after induction of differentiation.

### Nestin and NSE mRNA expression in BMSCs detected by RT-PCR {#sec3-6}

PCR primer sequences and amplified fragments are shown below:

![](NRR-7-1370-g012.jpg)

At each specific time point after induction, BMSCs were harvested with 0.25% trypsin and prepared into 1 × 10^7^/mL single cell suspension. Cells were exposed to Trizol (Invitrogen, Carlsbad, CA, USA) and total RNA was extracted. RNA integrity was determined through electrophoresis and RNA concentration from the absorbance at 260 and 280 nm using a DU640 protein nucleic acid analyzer (Beckman, Salt Lake City, UT, USA). Beta-actin served as the internal reference. According to primer sequences published in the NCBI Genbank, primers were designed using Primer Premier 5.0 (Premier Biosoft, Palo Alto, CA, USA) for Blast verification and synthesized by Invitrogen. RT-PCR was performed using a two-step method\[[@ref21]\]. Samples were reversely transcribed using a gradient PCR instrument (Bio-Rad, Hercules, CA, USA) to 65°C for 5 minutes and to 42°C for 60 minutes. The cDNA was synthesized and denatured at 70°C for 5 minutes, then PCR was performed in 35 cycles (nestin: 94°C for 30 seconds, 54°C for 1 minute and 72°C for 1 minute; NSE: 94°C for 30 seconds, 56°C for 1 minute and 72°C for 1 minute), followed by 72°C extension for 10 minutes. Subsequent to PCR, cells were amplified with 2% agarose gel electrophoresis. The ratio of nestin NSE and beta-actin mRNA absorbance was measured using a gel imaging system (UVItec, London, United Kingdom). The experiment was repeated three times.

### Western blot detection of phosphorylated ERK, phosphorylation p38, nestin and NSE protein expression {#sec3-7}

Total protein was extracted from BMSCs induced for different time points and protein concentration was determined with the BCA method\[[@ref22]\]. Briefly, SDS-PAGE electrophoresis was carried out prior to and transfer onto a membrane. Rabbit anti-rat p-ERK, p-p38, nestin and NSE monoclonal antibodies (Santa Cruz Biotechnology) were diluted with TBST (1:300) and were exposed to the membrane with overnight incubation in a hybridization bag. After washes, membranes were exposed to HRP labeled goat anti-rabbit IgG (Santa Cruz Biotechnology; 1:3 000) at room temperature for additional 2 hours. ECL color and X-ray exposure were then carried out for 1-10 minutes in a darkroom\[[@ref23]\]. The accumulated absorbance value was analyzed using a gel imaging system and Image-Pro Plus 6.0 (Media Cybernetics).

### Statistical analysis {#sec3-8}

Quantitative data were expressed as mean ± SD and statistically analyzed with SPSS 17.0 software (SPSS, Chicago, IL, USA). Differences between groups were compared using one-way analysis of variance and mean differences between groups were compared with the paired least significant difference *t*-test. A *P* \< 0.05 value was considered a significant difference.
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